This work was aimed at investigating the effect of process parameters on dilute acid pretreatment and enzymatic hydrolysis of spent citronella biomass (after citronella oil extraction) and sugarcane bagasse on total reducing sugar (TRS) yield. In acid pretreatment, the parameters studied were acid concentration, temperature, and time. At the optimized condition (0.1 M H 2 SO 4 , 120 ∘ C, and 120 min), maximum TRS obtained was 452.27 mg⋅g −1 and 487.50 mg⋅g −1 for bagasse and citronella, respectively. Enzymatic hydrolysis of the pretreated biomass using Trichoderma reesei 26291 showed maximum TRS yield of 226.99 mg⋅g −1 for citronella and 282.85 mg⋅g −1 for bagasse at 10 FPU, 50 ∘ C, and 48 hr. The maximum crystallinity index (CI) of bagasse and citronella after acid pretreatment obtained from X-ray diffraction analysis was 64.41% and 56.18%, respectively. Decreased CI after enzymatic hydrolysis process to 37.28% and 34.16% for bagasse and citronella, respectively, revealed effective conversion of crystalline cellulose to glucose. SEM analysis of the untreated and treated biomass revealed significant hydrolysis of holocellulose and disruption of lignin.
Introduction
Lignocellulosic biomass remains one of the most promising renewable feedstocks for the production of bioenergy and biochemicals as it is available in abundance, economical, and eco-friendly. The technologies required for production of fuels from biomass are less capital-intensive than those for fossil fuels. Annually, about 220-billion-ton (oven-dried) biomass availability is being considered as the world's largest sustainable energy resource [1] . Additionally, aromatic spent biomasses such as Citronella and Mentha are the most abundant and underutilized biological resources. India alone produces more than 6.0 million tons per annum of aromatic spent biomass [2] . Lignocellulosic biomass contains varying composition of hemicellulose (20-40 wt%) , cellulose (40-50 wt%) , and lignin (15-30 wt%), associated with each other in a heteromatrix to different degrees depending on the source, species, and type of biomass [3] [4] [5] . Besides having high calorific value, ideal biomass for bioenergy production should contain high cellulose and hemicellulose. Sugarcane bagasse is a potential feedstock due to its high growth rate and high content of holocellulose. Rolz et al. reported 30% hemicellulose, 28.5% cellulose, and 11.1% lignin in java citronella [6] . On the other hand, sugarcane bagasse contains 32-43% cellulose, 19-34% hemicellulose, and 25-32% insoluble lignin [7] [8] [9] . Lignocellulosic materials can be converted into liquid and gaseous products such as ethanol, butanol, hydrogen, and carbon dioxide, respectively. The conversion of lignocellulosic biomass to biofuels through sugar platform process involves a pretreatment step to enhance enzymatic hydrolysis of holocellulose to their constituent sugars, fermentation of pentose and hexose sugars, and downstream processing.
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The efficiency of conversion of biomass to total reducing sugars (TRS) depends on the choice of biomass and pretreatment technique employed. An ideal pretreatment of biomass should have the objectives of reducing polyglycan chain length, shrinking recalcitrance of substrate to enzymatic hydrolysis, and avoiding the sugar degradation and formation of fermentation inhibitors. Various types of pretreatment such as chemical (acid, alkali, and organosolv), physical (ultrasound, milling, and comminution), physicochemical (steam explosion, AFEX, and liquid hot water), and biological (using microorganisms such as fungi and bacteria) pretreatment methods have been practiced and others are still in development [10] . The comparison of pretreatment methods is difficult due to the fact that every individual method has its own advantages and disadvantages. It also involves different processing and capital investment, waste treatment systems, and chemical recycling [11] . Chemical pretreatments require recovery of corrosive chemicals and hydrolysate neutralization prior to fermentation, whereas physical treatments require high energy and hence are not cost-effective. Generally, acid pretreatment are practiced either at low concentration of acid at high temperature or at high concentration of acid at low temperature [12] . At high acid concentration, the hydrogen bonding of the cellulose chains gets disrupted reducing the crystallinity of the cellulose to a relatively amorphous state and releasing very less glucose [13] . Concentrated acid hydrolysis is not preferred due to its high corrosiveness, hence being not environmentally and economically viable [14] . Dilute acid (DA) hydrolysis is a more established method and provides less probability of sugar degradation to inhibitors such as 5-HMF or furfural but requires more time and higher temperature to increase the reaction rate for sugar release [15] . DA pretreatment mostly depolymerizes the hemicellulose, which enhance the cellulose digestibility during the enzymatic hydrolysis [16] [17] [18] . Different acids like sulfuric acid, phosphoric acid, nitric acid, hydrochloric acid, and so forth have been evaluated, but sulfuric acid has been commonly used for biomass pretreatment [19, 20] . A typical DA hydrolysis process follows the acid concentration range of 1-6%, temperature range of 100-200 ∘ C, and reaction time of up to 300 min. Enzymatic hydrolysis of pretreated lignocellulosic biomass is a promising step to obtain the high carbohydrates yield. Hence, the pretreatment process remains a vital step to provide suitable condition for enzymatic hydrolysis. Enzymatic hydrolysis at mild condition results in negligible by-products formation with high sugar yields.
Since limited reports are available in the literature on DA hydrolysis of spent biomass of the aromatic plant, hence this work is an endeavor to evaluate the effect of subsequent dilute acid and enzymatic hydrolysis on production of TRS from spent biomass of java citronella compared with standard lignocellulosic biomass (i.e., sugarcane bagasse). Spent citronella biomass has been chosen due to its abundance as raw material in the north eastern part of India. Structural changes in native and pretreated biomass samples were characterized using X-ray diffraction and scanning electron microscope (SEM). Results of the study revealed that the spent aromatic plants biomass could act as a potential lignocellulosic material for biofuel (bioethanol) production.
Materials and Methods

Feed Stock.
Spent citronella biomass (after essential oil extraction) and sugarcane bagasse obtained from local farms of Karbi Anglong and Guwahati, Assam (India) were dried, chopped into small pieces, ground, sieved to 1 mm sizes using 16 BSS mesh screen, and then stored in a zipped lock plastic bag at ambient temperature (approx. 25 ∘ C) until use. All the chemicals used for the study were of analytical grade and purchased from M/s Himedia and M/s Merck India Pvt. Ltd.
Characterization of Biomass
Determination of Extractives.
The amount of extractives in the biomass (citronella and bagasse) was estimated by NREL protocol using Soxhlet extraction apparatus through extraction thimbles. Sequential extraction, -hexane followed by ethanol (95%) and distilled water, was performed according to the procedure reported elsewhere [21] [22] [23] . In order to remove the nonpolar compounds, biomass was extracted with hexane to separate nonpolar lipids, hydrocarbon compounds, and terpenoids and so forth. The raffinate biomass was further extracted with ethanol to remove waxes, chlorophyll, sterol, and so forth. The final raffinate biomass was extracted using Millipore water to remove nonstructural carbohydrates and inorganic materials. Thermogravimetric analysis (TGA) of the final raffinate was performed to estimate hemicellulose, cellulose, and lignin content of the individual biomass.
TGA Analysis for Hemicellulose, Cellulose, and Lignin
Content. Thermogravimetric analysis is a widely used technique to study the temperature assisted degradation profile of a material and the kinetics of its thermal decomposition. Several reports in the literature demonstrated that degradation of biomass samples follows the first-order reaction kinetics and hence the concentration of individual constituents in a biomass is directly proportional to the degradation rate [35, 36] . TGA study is also being used to estimate approximate weight percentage of the cellulose, hemicellulose, and lignin in biomass samples. Hence, to determine the major chemical composition, namely, hemicellulose, cellulose, and lignin content in the sample biomass, TG analysis was performed using METTLER TOLEDO, Switzerland (Model number TGA 851e/LF/1100) at the heating rate of 10 ∘ C⋅min −1 from 30 ∘ C to 700 ∘ C under nitrogen atmosphere according to the procedure followed by Naik et al. and Carrier et al. [22, 37] . The continuous records of weight loss versus temperature data were obtained and analyzed through the software (STAR) provided by the manufacturer of TGA.
Calorific Value Determination.
The calorific value of biomass was determined using static bomb calorimeter: sealed parr 1108 according to the protocol reported by Naik et al. [22] . The biomass sample pellets approximately weighing 1 g each were put in contact with the platinum wire attached with cotton thread which was placed in the ignition port. Approximately, 1 liter of Millipore water was poured into the bomb and then filled with oxygen to a consistent pressure between 20 and 30 atm. The bomb calorimeter was submerged in Millipore water and the calorimeter jacket was maintained at 25 ∘ C by circulating water. In the isothermal jacket, calorimeter was placed with 10 mm air gap between surfaces. The ignition energy when discharged from about ∼40 V platinum wire was evaluated from the change in potential across a 1256 or 2900 mF capacitor.
Acid Hydrolysis of Biomass Samples.
The biomass samples were treated with dilute sulfuric acid to hydrolyse hemicellulose and increase the accessibility of cellulose. The biomass samples were treated with 0.1, 0.3, 0.5, 0.7, and 0.9 M H 2 SO 4 at solid to liquid ratio of 1 : 10 (w⋅v −1 ), temperature range of 80-120 ∘ C (20 ∘ C interval), and reaction time of 120 min (30 min interval). Experiments which require temperature up to 100 ∘ C were performed in shaker water bath (Lab Tech); however, higher temperature experiments (i.e., 120 ∘ C) were carried out in an autoclave at 15 lbs pressure. Utmost care was taken to ensure that the biomass was completely wetted by mixing for 5-10 min before the reaction. At every 30 min interval, reaction mixture was allowed to cool to room temperature and 0.1 mL of hydrolysate was pipetted out to estimate the concentration of TRS using dinitrosalicylic (DNS) acid method [38] . Optimum sugar yield samples were neutralized using 1 M NaOH solution and further washed with distilled water for the removal of salts and other impurities. The substrate was then air-dried at room temperature and later subjected to enzymatic hydrolysis using commercial cellulase solution Celluclast5 1.5 L. Drying of the substrate at high temperature was avoided as it might cause irreversible pore collapse [24, 39, 40] .
XRD Analysis.
The biomass crystallinity was estimated using wide angle X-ray diffractometer (Bruker D8 Advanced X-ray diffraction measurement systems, Japan). The Rigaku miniflex XRD was equipped with Cu K ( = 1.541Å) radiation settled at 40 KW voltages and 40 mA current. The diffraction angle (2 ) was 10 to 30
∘ at a scan speed of 1 ∘ min −1 and step size of 0.05 ∘ . The crystallinity index (CI) was calculated based on the intensity of amorphous region at ∼18.5±0.05
∘ of 2 ( amp ) and the maximum intensity obtained from crystalline fraction of 002 lattice plane at ∼22.3 ± 0.1 ∘ of 2 ( 002 ) by using the following [23, 41] :
SEM Analysis.
Surface morphology of biomass samples (untreated and hydrolysed (treated) biomass of citronella and bagasse) was qualitatively studied using SEM (LEO, Model 1430vp, Germany). The dried samples were placed on aluminum specimen mount, using conductive carbon tape. Sputter gold coating was performed to prevent charging. All the specimens were examined in SEM under vacuum condition at accelerating voltage of either 7 kV or 8 kV or 10 kV.
Results and Discussion
Composition Analysis of Biomass.
The information about the amount of extractives in the biomass sample helps to estimate exact amount of fermentable sugars present in the biomass. Extractives in biomass consist of nonstructural aromatic compounds, which include volatile oils, chlorophyll, fatty acids, and their esters, waxes, resins, tannins, terpenes, and so forth and can be used further for the production of green chemicals [23] . These are basically polar or nonpolar components which can be extracted using different solvents based on their polarity. To begin, extraction was carried out using -hexane to remove nonpolar compounds such as lipids, hydrocarbons, and terpenes, followed by ethanol as solvent to extract polar compounds such as chlorophyll, waxes, and sterols. The final raffinate biomass was extracted with water to remove the nonstructural sugars and other inorganic compounds. The water extractives were more in both the biomass types compared to ethanol and hexane unveiling the presence of more polar compounds in the biomass samples (Table 1) . Estimation of hemicellulose, cellulose, and lignin, which are the major chemical components of lignocellulosic biomass, is important in order to determine the conversion efficiency of biomass to bioenergy and other valuable chemicals. From the study, it was revealed that citronella has lower cellulose content (28.15%) than hemicellulose (32.22%) with lignin content of 18.78%. On the other hand, bagasse was composed of higher cellulose (40.15%) compared to hemicellulose (22.78%) and lignin (20.81%).
The estimation of calorific value of the biomass samples revealed that calorific value of citronella (16. (30, 60, 90 , and 120 min), and temperature (80, 100, and 120 ∘ C) on TRS yield of both the biomass types were evaluated individually. Both the biomass types exhibit similar behavior of TRS production within the studied range. The effects of reaction time and H 2 SO 4 concentration at different temperatures on TRS production for sugarcane bagasse and spent citronella biomass are depicted in Figures 1 and 2 , respectively. From the figures, it can be seen that TRS yield increased with an increase in the acid concentrations (0.1-0.9 M) and reaction time (30-120 min) at 80 and 100 ∘ C, but a drop in TRS yield was observed at 120 min of hydrolysis time and 120 ∘ C, which may be due to the formation of inhibitory products in the hydrolysate (Figures 3 and 4) . These degraded products inhibit the growth of microorganisms during the biofuel production. Pentose sugar of ∘ C for sugarcane bagasse and spent citronella biomass at 0.1 M, 30 min, and 0.9 M, 120 min, respectively, which shows that deformation rate of polymeric carbohydrates of sugarcane bagasse is higher than the spent citronella biomass at 80 ∘ C. On the other hand, during acid hydrolysis of spent citronella biomass, dissolution of hemicellulose yielded more sugars than sugarcane bagasse with increase in the process temperature from 100 to 120 ∘ C. The optimum conditions to attain maximum sugar yield were almost identical for both the biomass types, whereas the reducing sugar yield was comparatively higher in the citronella biomass, which may be due to higher hemicellulose content in citronella compared to sugarcane bagasse. The maximum TRS released from sugarcane bagasse (452.27 mg⋅g −1 ) and spent citronella biomass (487.50 mg⋅g −1 ) was obtained at 30 min, 120 ∘ C, and 0.1 M H 2 SO 4 . Considering the total holocellulose content of the substrate, conversion efficiency of polymeric carbohydrates to monomeric sugars was 71.87% for sugarcane bagasse and 80.75% for spent citronella biomass. Results of the study revealed that hydrolysis of soft biomass yields more sugars at high temperature and longer residence time but lower acid concentration [46] . Similarly, Rajan and Carrier and Kootstra et al. in their study suggested that increased reaction time, temperature, and acid concentration lead to the formation of fermentative inhibitors like HMF, furfural, formic acid, and acetic acid, which also affects the growth of microbes during the fermentation process and other value added products [47, 48] . Therefore, in the present study, mild hydrolysis conditions (i.e., sulfuric acid concentration, −1 during acid hydrolysis of sugarcane bagasse at the optimal conditions of 0.5% H 2 SO 4 and 60 min hydrolysis time [27] . As discussed in the aforementioned sections, TRS yield obtained in the present study was comparable with reported literature with minimal variations (Table 2) . Besides hydrolysis conditions like acid concentration, temperature, and reaction time, the varying yield of TRS might be attributed to factors such as types or species of biomass, particle size, and amount of cellulose, hemicellulose, and lignin content of the biomass. Thus, the experimental range explored in this work furnished the optimum condition as 0.1 M (v⋅v −1 ) (approx. 0.6% H 2 SO 4 ); solid to liquid ratio, 1 : 10; reaction time, 30 min; and temperature, 120 ∘ C. In the acid hydrolysis (using H 2 SO 4 ) of sugarcane bagasse, the optimal condition obtained by different researchers closely resembles the optimum condition obtained in the present study: Betancur and Pereira Jr. found optimal condition as 121 ∘ C, solid to liquid ratio 1 : 2.8, 1.09% H 2 SO 4 , and 27 min [28] . On the other hand, Aguilar et al. observed the optimal condition at 122 ∘ C, 2% H 2 SO 4 , and 24 min [29] , whereas Jonglertjunya et al. obtained maximum sugar yield (52 g⋅L −1 ) at 1% H 2 SO 4 , 121 ∘ C, bagasse to solvent ratio 1 : 10, and 60 min [30] .
Enzymatic Hydrolysis.
Pretreatment of biomass is necessary before enzymatic hydrolysis to provide easy accessibility to convert cellulose to glucose and hemicellulose to xylose and arabinose by various types of enzymes. During dilute acid pretreatment, major portion of hemicellulose gets hydrolysed to form its monomeric constituents. The residual biomass may contain major portion of cellulose and minor amount of lignin. As noted earlier, the biomass was pretreated with optimum condition at which maximum TRS yield obtained was subjected to subsequent enzymatic hydrolysis using commercially available cellulase (Celluclast 1.5 L) for cellulose conversion. Most of the glucose is released during enzymatic hydrolysis [49] . The use of pretreated substrate after washing with water can reduce the concentration of inhibitory products [41, 50] . In the present work, the maximum TRS yield pretreated biomass was neutralized and water washed before enzymatic hydrolysis. Schematic representation of the overall process has been depicted in Figure 5 . The effects of temperature (40-60 ∘ C), reaction time (24-72 hr), and enzyme loading (10-30 FPU⋅g −1 of substrate) on TRS yield were evaluated for both the biomass types. The TRS production increased with time up to 48 hr and thereafter decreased. Similarly, TRS released also decreased with an increase in the temperature from 50 to 60 ∘ C. The maximum TRS released was found to be 226.99 mg⋅g −1 and 282.85 mg⋅g −1 for citronella and bagasse, respectively, at 50 ∘ C, 48 hr, and enzyme loading of 10 FPU⋅g −1 (Table 3 ). Rajan and Carrier also reported the highest glucose recovery (89%) for enzymatic hydrolysis of wheat straw at 48 hr [47] . On the other hand, Sun and Cheng in their study with bermuda grass and rye straw, using 1.5% sulphuric acid pretreated substrate, found 197.1 mg⋅g −1 and 229.3 mg⋅g
reducing sugars for enzymatic hydrolysis time of 48 hr [10] .
Similarly, Saha et al. [34, 51] observed maximum sugar yield of 287 ± 3 mg⋅g −1 for rice hull (60% yield considering total content of carbohydrate) and 565 ± 10 mg⋅g −1 for wheat straw (76% yield considering total content of carbohydrate). FiletoPèrez et al. in their study obtained 50 ∘ C as the optimum temperature for hydrolysis of cellulose using enzymes [52] . Enzyme concentration is inversely proportional to FPU; therefore, a decrease in the TRS production was noticed with increase in the enzyme loading from 10 FPU to 30 FPU. On the other hand, increase in the reaction temperature (60 ∘ C) decreased the TRS yield, which may be due to the denaturation of cellulase enzyme at higher temperature. In the present study, enzymatic hydrolysis of pretreated biomass showed high TRS yield for bagasse than citronella. This can be attributed to the fact that sugarcane bagasse has higher cellulose conversion efficiency compared to citronella; citronella might contain more lignin compared to sugarcane bagasse after the pretreatment; moreover aliphatic and aromatic constituents of lignin can also hinder the cellulase activity [53] . 
Characterization of Residual Biomass
Samples. XRD and SEM analysis were used as tools to investigate the structural changes that occurred during the dilute acid pretreatment of both the biomass types. The crystalline structure of biomass is mainly due to the strong hydrogen bonding of cellulose chains and Vander Waals forces of glucose molecules in the cellulose [22, 23] . The untreated biomass of citronella and bagasse showed crystallinity index (CI) of 32.97% and 33.15%, respectively. CI of spent citronella biomass (after citronella oil extraction) increased to 34.91%, because of the removal of water extractives during the oil extraction process. The CI of acid treated biomass was found to increase from 48.04% to 56.18% and from 61.90% to 64.41% with an increase in the acid concentration from 0.1 to 0.7 M H 2 SO 4 at 100 ∘ C for citronella and bagasse, respectively. The higher CI value indicates removal of more hemicelluloses leaving the crystalline cellulose fraction intact in the pretreated solid residues. Hence, crystallinity of cellulose was found to increase with increased acid concentrations. Maximum CI of citronella biomass (56.18%) and bagasse (64.41%) was obtained at 0.7 M and 100 ∘ C. Further, increase in the temperature to 120 ∘ C decreases CI from 56.18% to 55.14% for citronella and from 61.60% to 60.84% for bagasse, which indicates either the change in the crystallinity structure of cellulose allomorphs (Cellulose I to Cellulose II) or the disruption of crystalline cellulose structure at higher temperatures ( Figure 6 ). The degradation of hemicellulose and amorphous cellulose occurs at low temperature followed by degradation of crystalline cellulose at higher temperature [54] . The CI of both the biomass types decreased abruptly after enzymatic hydrolysis process, which might be due to the degradation of crystalline cellulose to glucose. The least CI value of enzymatically hydrolysed residual biomass at 50 ∘ C, 10 FPU, and 72 hr revealed maximum degradation of cellulose; further increase in the temperature to 60 ∘ C showed only a minimal change in CI value compared to 50 ∘ C. The minimum CI value for spent citronella biomass and bagasse was found to be 34.16% and 37.28%, respectively.
SEM analysis results revealed that cells of spent citronella biomass sample were distorted due to extensive thermal stress on the oil glands causing rapid expansion and disruption, thereby releasing the oil content, whereas the untreated sample of bagasse showed intact cell tissues as represented in Figure 7 (a). The structural changes in the acid treated sample in both the biomass types with exposed pores as depicted in Figure 7 (b) revealed depolymerization of holocellulose and removal of significant amount of lignin [55] . SEM analysis of enzymatically hydrolysed biomass samples showed insignificant changes in the structure compared to acid pretreated sample.
Conclusions
In this work, low acid concentration (0.1 M H 2 SO 4 ) and higher operating temperature (120 ∘ C) were considered as an optimum condition for acid pretreatment process. At this optimum condition, maximum TRS yield obtained was 71.87% and 80.75% for sugarcane bagasse and spent citronella biomass, respectively. In the enzymatic hydrolysis process, CI of spent citronella biomass and bagasse decreased to 34.16% and 37.28%, respectively, indicating significant conversion of crystalline cellulose to glucose. Considering high sugar yield in the process, dilute acid pretreatment using sulfuric acid could be a good choice for the hydrolysis of spent citronella biomass and sugarcane bagasse. 
